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Catecholamine neurotransmitters, psychoactive 
drugs, and biological clocks 

The 1981 Harvey Gushing oration 
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d In his Gushing oration, the 1970 Nobel Laureate reviews the experimental history of the vital role which 
chemical agents play in the transmission of nerve impulses and the important functions of the brain. He 
reveals the intriguing steps in his own early involvement in the field of neurotransmitters. A beacon for 
neuroscientists of the future is his unique talent for not only looking, but seeing potentially significant 
clues. 
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I would like to talk to you today abwt my re- 
searches on chemical nerve transmission, a field 
that I worked in from 1957 to about 1977. Chem- 

. ..11 neurotransmission has a rather romantic history. 
1 he first proposal about chemical neUrOtranSmi&on 
US made by a graduate student at the University of 
(rmbridge, T. R. Elliot, in 1905. Elliot noted that I’ 
4 hen hi injected an extract of the adrenal gland in a 
$ the organs responded as if the sympathktic ner- 
WIS system were being stimulated. Just prior to this 
lime, John J. Abel, a pharmacologist at Johns Hopkins 
Lniversity, had isolated the active pressor principd 
~1 the adrenal gland and identified it as the catechol- 
rmine, adrenaline. Elliot then proceeded to inject 
Adrenaline into t& dog and noted again that the 
r&m responded as if the sympathetic nerves were *’ 

Qnulated. He proposed the brilliant concept that 
:ews exert their effect on target organs by the lib- 
:rah of a chemical similar to adrenaline. He then 
Tr@ated his idea at a meeting of the British Physio- 
‘leical Society 8 But his professor, the noted physiol- 
@St Langley, *&approved. He told ElIiot that unless 

” Wd prove that a nerve does release a chemical 
” sheuld not talk about it; and in Elliot’s full paper 
’ the Jwna~ of Pjtysblogv he did not 
‘QS en chemical neurotramnnission. 

mention his 

This concept struck the imagination of several sci- 

entists, particularly Otto Loewi, an Austrian phar- 
macologist. One evening he had a dream. Loewi 
dreamt of an experiment to prove chemical transmis- 
sion of nerve impulses, and he jotted it down on a 
pad on his night table. When Loewi woke up the next 
morning, he couldn’t read his handwriting. However, 
very shortly alter that, he dreamt the same dream 
again and he immediately dashed to the laboratory to 
do the experiment. It was an elegant experiment. 
What he ifid was to immerse two frog hearts in a 
common bath. When he stimulated the vagua nerve 
of one frog heart, the beat of the second heart was 
slowed, indicating that the nerve was releasing a 
chemical that timed the beat of the second heart.” 

Another pioneer in chemical neurotransmission was 
Walter Cannon, a professor of physiology at Harvard. 
He too not&i that a chemical, similar to adrenaline, 
was liberated into the blood stream of dogs in fear 
and anger. There was great controversy among sci- 
entists who believed in electrical transmission and 
those who believed in chemical transmission. It was 
around the middle of the 1940’s that this controversy 
was settled. Ulf von Euler, a Swedish physiologist, 
isolated the active principal of the sympathetic nerve 
and identified it as noradrenaline.” Sir Henry Dale, 
a few years earlier, identified acetylcholine as the 
transmitter of the choliuergic nervous system. 
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By the 1950’s, three catecholaminergic neurotrans- 
mitters had been identified: adrenaline, noradrena- 
line, and dopamine. Adrenaline at that time was 
considered to be a hormone arising from the adrenal 
medulla. It is released into the blood stream and acts 
on distant organs. Noradrenaline is a transmitter of 
sympathetic nerves. This catecholamine is involved in 
private communications between nerves. Dopamine 
is the Cinderella of the catecholaminergic transmit- 
ters. It was believed for many years that its only 
function was to serve as a precursor to noradrenaline. 
However, in the last 7 or 8 years, it has been shown 
to have important functions in the brain and is con- 
cerned in movement, activity, mood, and. endocrine 
function. : 

My interest in neurotransmission came about quite 
accidentally. In 1955, I joined the National Institute 
of Mental Health from the National Heart Institute. 
My lab chief told me that I could work on anything 
I pleased, and I started to do research on liver enzymes 
because I felt comfortable with this type of investiga- 
tion. At a seminar one day, Seymour Kety, who was 
the head of our laboratory, reported on a fascinating 
observation made by two Canadian psychiatrists, Os- 
mond and Hoffer. What they had found was that 
when adrenaline was allowed to be exposed to the air, 
it turned pink. And when they injected this “pink” 
adrenaline into human subjects they hallucinated. 
Hoffer and his co-workers’* then proposed that per- 
haps psychoses may be due to an abnormal metabo- 
lism of adrenaline. This struck me as a fascinating 
concept. 

Adrenaline Metabolism Studies 
A great deal of .my previous work was concerned 

with the metabolism and distribution of drugs in the 
body. A drug that I worked on was amphetamine 
which is very closely related to adrenaline in chemical 
structure. I thought a study on what happened to 
adrenaline in the body would be a great problem and 
would be appropriate for a National Institute of Men- 
tal Health scientist. In 1957, hardly anything was 
known about the metabolism of adrenaline. I spent 3 
frustrating months looking for an enzyme that makes 
“pink” adrenaline. I couldn’t find it. And then one 
day I came across an intriguing abstract by a biochem- 
ist, Armstrong. He and McMillan reported that sub- 
jects with pheochromocytomas excreted a compound 
which they called “3-methoxy vanilmandelic (VMA) 
acid.“’ What struck me about it was it had a methyl 
group on the oxygen and it surely must be coming 
from adrenaline or noradrenaline, since these cate- 
cholamines are highly concentrated in pheochromo- 
cytoma. Then that very afternoon I did a crucial 
experiment. A page from my notebook will give you 
an idea about the experiment (Fig. 1). I suspected that 
the methyl group in VMA should be coming from the 
methyl donor, S-adenosylmethionine. I did not have 

this compound, but I knew that S-adenosylmethionine 
arises from adenosine triphosphate (ATP) and tie 
amino acid, methionine. I made a rat liver preparailon 
and added ATP, methionine, and adrenaline, and the 
adrenaline disappeared. When either ATP or methi. 
onine was omitted, there was little disappearance of 
adrenaline. This experiment told me that adrenaline 
was being metabolized by 0-methylation and that S- 
adenosylmethionine arising from ATP and methio. 
nine was the methyl donor. I won’t go into the boring 
details, but we found a new metabolite, O-methyl 
adrenaline, which was named “metanephrine,” an6 a 
new pathway for the metabolism of catecholamine,.i 
As a result of these and other experiments, it was 
proposed that adrenaline or noradrenaline was me- 
tabolized by two pathways: the first by 0-methylation 
via catechol-0-methyltransferase (COMT) which I 
isolated and characterized, and the other by deami- 
nation by monoamine oxidase. The irony of this whole 
story was that when Kety and his colleagues looked 
for differences in adrenaline metabolism in patients 
with schizophrenia, they found none at all. 

Inactivation of Neurotransmitters 
One important characteristic of a neurotransmitter 

is that its actions must be rapidly terminated, other- 
wise they would persist and cause many problems. In 
1957, it was thought that the actions of neurotrans- 

FIG. 1. A page from my notebook of an experiment 
that led to the discovery of the 0-methylation pathwa> 
for catecholamines and the enzyme, catechol-O-methyl- 
transferase. 
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rnittem were ended by enzymes. If this were true, then 
@MT and/or monoamine oxidase would be in- 
,,clved. When these enzymes were almost completely 
abited by drugs and noradrenaline was injected 
dtc animals, the pressor action of noradrenaline was 
stllI rapidly terminated. This experiment indicated 
that these enzymes had very little to do with rapidly 
ending the pressor actions of noradrenaline. What do 
vou do next if a pet hypothesis doesn’t hold? Gordon 
$hitby, a visiting scientist in my laboratory, injected 
radioa&ve noradrenaline into cats and examined its 
distribution in tissues. We observed that 3H-noradren- 
&e was highly localized in tissues that were rich in 
sympathetic nerves.% This suggested to us that. it 
@ht be taken up into the nerves. If noradrenalme 
was taken up into the nerves it could be an effective 
way to rapidly terminate the actions of this neuro- 
transmitter. But how do you prove it? My colleagues 
and I exchanged many ideas about experiments to 
prove that noradrenaline is taken up in the nerves. 
one day, George Hertting, who was a visiting scientist, 
sad I thought of an experiment to prove uptake of 
noradrenaline in nerves. It was very simple and I 
think neurosurgeons will appreciate this experiment. 
We removed the superior cervical ganglion unilat- 
erally in cats, allowing the nerves to degenerate on 
one side only, and then we injected SH-noradrenaline. 
We found that in the denervated side there was hardly 
any 3H-noradrenaline present (Table I).” In the in- 
nervated side, there were large amounts of the radio- 
active noradrenaline. This indicated that the neuro- 
transmitter was taken up in the nerves and served as 
a mechanism for inactivating the neurotransmitter. 
This concept was unique and could be used to explain 
many actions of drugs, as I will tell you shortly. 

In another experiment, we infused radioactive nor- 
adrenaline into the dog gracialis muscle and then we 
stimulated the nerves to this muscle. There was a 
marked release of noradrenaline.* In still another 
experiment, we added phenoxybenzamine, an a-ad- 
renergic blocking agent. We found that in t&e presence 
of the phenoxybenzamine more noradrenaline was 
released. We misinterpreted the results. We reported 
that phenoxybenzamine increased the amount of 3H- 
noradrenaline release by blocking its uptake. It was 
sot so. Fifteen years later, it was shown by others that 
the nerves have presynaptic inhibitory cu-adrenergic 
rsceptors. If these receptors are inhibited by u-ad& 
aergic blocking agents, a greater amount of the neu- 
rctmnsmitter is released. A compelling proof of 
uptake was to demonstrate the presence of sH-nor- 
adrenaline in nerves after its injection. Therefore, in 
mother experiment, SH-noradrenaline was injected 
sad the pineal gland, an organ rich in sympathetic 
nerves, was subjected to autoradiography. Radioac- 
tive grains were found to be highly localized in the 
Wpathetic nerves. 26 These nerves were also found to 
@ntain dense core granules in which the transmitters 
Were being stored. 
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TABLE 1 
Effect of dmervatton on the uptake of aH-noradrenaline’ 

Tiiue 
chronic Acute 

Denervation Denervation 
Den Inn Den Inn 

external ocular muscle 5.9 41.9 24.9 26.6 
retractor bulbi muscle 13.2 13.4 
hcrimd gland :“2 z - 
salivary gland 517 4214 75.5 8i6 

l Values for 3H-noradrenaline are q&m tissue. In the chronic 
experiments, the right superior cervical ganglia were removed from 
adult male cats under pentobarbital anesthesia. After 21 days, cats 
were given sH-noradrenaline intravenously under anesthesia. One 
hour later, the cats were decapitated and the sH-noradrenake 
asayed. In the acute expcrimcnts, the right superior ganglia from 
two cats were removed 15 minutes before sH-noradrenaline was 
administered. Den = denervated; and XM = innervated. (hfoditied 
from Hertting G, et al.: Lack of uptake of catecholamines after 
chronic denervation of sympathetic nerves. Nature 189:66, l%l.) 

At just about this time, histological techniques were 
developed by Swedish investigators to visualize nor- 
adrenergic nerves9 The tissues were exposed to form- 
aldehyde gas which condensed with the catechola- 
mine neurotransmitter in the nerves and formed an 
intense fluorophor. The terminals visualized by this 
technique showed many swellings or varicosity-like 
beads on a string (Fig. 2). A single cell body has about 
25,000 varicosities. These biochemical, pharmacolog- 
ical, and histological observations formed the basis 
for what has been proposed as a model of the sym- 
pathetic neuron2 (Fig. 2). Within the varicosities, there 
are dense core vesicles that store the transmitter. Upon 
stimulation of the nerve, the vesicles fuse with the 
plasma membrane and then form an opening. The 

sYMPATHETlc 
NERVE 

NERVE 
TERMINAL 

I 1 EFFECTOR CELL 

FIG. 2. Sympathetic nerves and the fate of noradrena- 
line. 1-6: Sites where the biosynthesis and action of the 
catecholamines are regulated. See text for explanation. 
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FIG. 3. Plasma levels of catecholaxnines during surgery 
and catastrophic illness. MI. = myocardial infarction. (Data 
derived from several reviews.) 

contents of the vesicle, including the catecholamine 
neurotransmitter and dopamine-/3-hydroxylase, are 
discharged into the space between the varicosity and 
the effector organ. The transmitter then interacts with 
the adrenergic receptors on the cell surface of the 
effector organ. The noradrenaline liberated from the 
nerve terminal is inactivated mainly by reuptake into 
the nerve; some of the neurotransmitter is discharged 
into the blood stream and metabolized by catechol- 
0-methyltransferase and monoamine oxidase in the 
liver and kidney. 

Because of the extremely low levels of noradrena- 
line and adrenaline in the blood, it has been difficult 
to accurately measure these amines until recently. 
Utilizing the enzyme catechol-0-methyltransferase 
and 3H-methyl-S-adenosyl-methionine, it is now pos- 
sible to measure noradrenaline and adrenaline in 
plasma. Noradrenaline reflects the activity of the sym- 
pathetic nervous system, and adrenaline that of the 
adrenal medulla. There is considerable elevation of 
noradrenaline and adrenaline after coffee drinking, 
smoking, public speaking, and stress. A massive dis- 
charge of noradrenaline and adrenaline is found after 
diabetic ketosis, myocardial infarction, hemorrhagic 
shock, and surgeryI (Fig. 3). In dystonia patients, 
there is an elevation of plasma levels of catecholamine 
and reduced levels in dysautonomia. There is hardly 
any discharge of noradrenaline in orthostatic hypo- 
tension (Fig. 4). 

Transmitters are in a dynamic state within the 
nerves. They are constantly in a state of flux. One can 
measure the turnover of the transmitter by injecting 
sH-noradrenaline and measuring the specific activity 
of the catecholamines in specific areas after various 
times. We noticed that in experimental hypertension 
there was a greater turnover of the catecholamine 
transmitters in the heart.’ This was one of the earliest 
experiments showing the relationship of the sympa- 
thetic nervous system and hypertension. Most drugs 
used to treat hypertension affect the sympathetic ner- 
vous system. 
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0 RECLINING 

@g INCREMENT ON 
STANDING 

z 
. 0.6 T 
P 
P 

0.4 

0 
NORMAL CONT. PTS. CONT. PTS. CONT. PTS. 

DYStDNIA 0RTHO:HYPO. DYSAUTONOMIA 

Fro. 4. Plasma levels of noradrenaline in patients (pts.) 
with autonomic disorders, compared with levels in controls 
(cont.) of the same a&. (Data derived from several reviews.) 

Catecholamine Synthesis 
The enzymes that synthesize catecholamines are 

found in the cell body nucleus and transported down 
the neuron to the varicosities by a process of axo- 
plamic flow (Fig. 2). There are four enzymes involved 
in the synthesis of the catecholamines (Fig. 5). I would 
like to draw your attention to two. One is tyrosine 
hydroxylase and the other is phenylethanolami~~e 
N-methyltransferase (PNMT). Tyrosine hydroxylase 
converts the amino acid, tyrosine, to dopa in the 
nerves and is the rate-limiting enzyme for catechola- 
mine synthesis. The other enzyme, PNMT, methylates 
noradrenaline to form adrenaline and is highly local- 
ized in the adrenal gland. Both of these enzymes are 
present in nerves and are highly regulated. 

One important advance in the last few years is our 
increase in knowledge about the regulation of the 
synthesis of catecholamines. The adrenosympathetic 
system has the capacity to adapt to all kinds of normal 
and abnormal changes. Depending on the situation, 
tyrosine hydroxylase can rapidly adapt to synthesize 
more or less catecholamines. When nerve activity is 
reduced, the buildup of catecholamines in the nerves 
inhibits tyrosine hydroxylase by a classical negative 
feedback mechanism. If there is a great deal of nerve 
activity, there is less of the transmitter in the nerves 
and this enzyme is not restrained and more neurc- 
transmitter is synthesized. We found that after prt+ 
longed nerve activity, such as stress, there is a gradual 
accumulation of tyrosine hydroxylase in the adrenal 
gland and in the sympathetic nerves. We wanted to 
find out what makes the level of tyrosine hydroxylase 
increase. Does the signal come from a presynaptic 
nerve or does it come from within the same nerve? 
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FIG. 5. Biosynthetic pathway of catecholamines. 

We thought of a neat experiment to prove this. We 
&centralized the superior cervical ganglia of rats on 
one side and then subjected the animals to prolonged 
stress. After 24 hours, there was an increase in the 
tyrosine hydroxylase on the innervated side, but not 
on the denervated side. This indicated that the signal 
for increase in enzyme activity comes from presyn- 
aptic nerves (Fig. 2). 

Pined Gland Studies 

It has been recognized for many years that the 
adrenal cortex controls the synthesis of adrenaline 
in some unknown way. We had just characterized 
PNMT, the adrenaline-forming enzyme, and this pro- 
vided an opportunity to examine how the adrenal 
cortex controls the synthesis of adrenaline. I think this 
next experiment would have been dear to the heart of 
Dr. Gushing. During an exchange of ideas with my 
then postdoctoral fellow, Richard Wurtman, we came 
up with a “doable” experiment. Wurtman, who is a 
better endocrinologist than I am, suggested that we 
remove the pituitary. Since the pituitary secretes ad- 
nnocorticotropic hormone (ACTH) and controls the 
cortical steroids in the adrenal cortex, we then could 
examine how hypophysectomy would affect PNMT: 
in the adrenal medulla. When we hypophysectomixed 
the rat, the adrenaline-forming enzyme in the adrenal 
gland went way down. 27 When either ACTH or dex- 
methasone was injected, the PNMT activity was 
restored. This clearly showed the interaction in adren- 
aline formation between these three organs: the pitui- 
‘ary, the adrenal cortex, and the adrenal medulla. In 
subsequent experiments we found that tyrosine hy- 
droxylase and dopamine-/3-hydroxylase in the adrenal 
medulla are mainly regulated by the splanchnic 
nerves. The adrenaline-forming enzymes are regu- 
lated by the pituitary and by the adrenal cortex. 

We learned a great deal about the regulation of 
effector organs by sympathetic nerves by studying the 
pineal gland. The pineal gland was recognized by the 
Greeks and they believed that it was the storage bin 
of thought because it was an unpaired structure in the 
brain. The philosopher Descartes elaborated on this 
concept. In his book on physiology “De Homine,” 
Descartes proposed that the pineal gland played a 
central role in the action of the brain. In his formu- 
lation, the eye perceived an event of the real world 
and transmitted this information via strings in the 
brain to the pineal gland. This tilted the pineal gland 
and allowed animal humors to move down a hollow 
tube within the nerve to the muscle. When the humors 
mached the muscle, they caused it to swell and pro- 
duce the appropriate response. With the hindsight of 
three centuries, it was a prophetic formulation of 
chemical neurotransmission. The pineal gland is jok- 
ingly referred to as the seat of the soul, and it was 
believed that its main purpose was to serve as a 
landmark for neurosurgeons and radiologists. 

‘In the last 20 years or so, the pineal has been a very 
exciting organ to work on. About 50 years ago, two 
,xoologists at Johns Hopkins found that an extract of 
the pineal gland caused tadpole skin to blanch. In 
1958, Aaron Lemer, a dermatologist and biochemist, 
and his co-workers isolated the active blanching prin- 
cipal of the pineal gland and identified it as 5-methoxy 
N-acetylserotonin, and it was named “melatonin.” 

I read Lemer’s paper in the Journai of the American 
Chemical Society l6 and was struck by several things 
about the chemical structure of melatonin. First, it 
had a methyl group attached to oxygen similar to that 
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of catecholamine metabolites. It also had a nucleus 
which resembled serotonin, another neurotransmitter. 
My colleagues and I worked out the biosynthesis of 
melatonin from tryptophan and serotonin, which I 
won’t elaborate upon .( Another interesting facet of 
the pineal gland is that it undergoes circadian rhythms 
of serotonin and melatonin as well as the enzymes 
that synthesize melatonin. The pineal gland was found 
to be innervated by noradrenergic nerves and, of 
course, this also intrigued me. This led to many ex- 
periments showing how noradrenaline released from 
sympathetic nerves controls the synthesis of melatonin 
and circadian rhythms of indoleamines and its en- 
zymes in the pineal.’ I would like to detibe ?fe 
experiment to give the flavor of this type of work (Fig. 
6). In collaboration with Solomon Snyder, a postdoc- 
toral fellow, we devised experiments to find out 
whether sympathetic nerves control the pineal sero- 
tonin rhythm.23 When we destroyed the sympathetic 
innervation of the pineal gland in rats by removal of 
the superior cervical ganglia, the serotonin: rhythm 
was abolished. When the rats were kept in constant 
light, the serotonin rhythm disappeared. However, 
when they were in constant dark the rhythm persisted, 
indicating that there was an endogenous clock driving 
this rhythm. Later on, the work of Robert Moore 
showed that the driving oscillator for pineal rhythms, 
and many other rhythms, resides in the suprachias- 
matic nucleus of the hypothalamus. 
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FIG. 6. Circadian rhythm in ineal serotonin. Superior 
cervical ganglia were removed b ii terally 7 days before rats 
were killed and the pineal glands examined for scrotonin at 
the times and under the conditions indicated. (Composite 
of Fig. 1 from Snyder SH, er al.: Control of the circadian 
rhythm in serotonin content of the rat pineal gland. Proc 
Nat1 Acad Sci USA 53:301-305, 1965.) 

We discovered that the rhythms in the pineal gland 
are due to diurnal changes in the release of noradren. 
aline from sympathetic nerves.5 During the daytime, 
the release of noradrenaline is reduced. At night, there 
is an increased discharge of noradrenaline. With the 
reduced release of noradrenaline during the daytime, 
the /3-adrenergic receptor of the pineal becomes more 
responsive. As night falls, there is an increased nor. 
adrenaline discharge onto a supersensitive receptor 
and an amplification of the response. There is a 
corresponding increase in the synthesis of serotonb 
N-acetyltransferase, the enzyme that makes me& 
tonin. 

Many problems in neurology and medicine involve 
changes in responsitivity of tissue receptors to neuro. 
transmitters or hormones. These are becoming in- 
creasingly important. In other experiments, to show 
how the nerves control responsitivity of a cell, we used 
the rat pineal gland. This gland can be stimulated to 
make serotonin N-acetyltransferase by treatment with 
the &adrenergic agonist, isoproterenol, in organ cul- 
ture. Whe6 the pineal gland was denervated for 48 
hours, removed, and treated with isoproterenol, it 
became 10 times more responsive in synthesizing the 
N-acetyltransferase. If we injected the rats with iso- 
proterenol several times and then removed the gland 
and treated it with isoproterenol, the production of 
the melatonin-forming enzyme was much reduced. 
The receptor has a great capacity to adapt to too 
much or too little neurotransmitter (Fig. 7). With 
decreased nerve ftig, there are more receptors and 
an increase of intracellular messengers, such as cyclic 
adenosine monophosphate (AMP). This cascade then 
amplifies a response with reduced neurotransmitter. 
When there is too much neurotransmitter, the reverse 
occurs and the response is dampened. This is an 
example of many years of research illustrating how 
one lan get some very fundamental information and 
still have a good time during the work. The pineal 
gland is a wonderful organ to work with. Recently, 
methods have been developed that can measure very 
small amounts of melatonin in the blood. This makes 
it possible to do studies on melatonin, circadian 
rhythms, and /3-adrenergic receptor responsitivity in 
man. It has already been found that man has the same 
type of rhythm in blood melatonin as was identified 
in the rat pineal, high at night and low during the 
daytime. Sudden exposure of h umans’td light at night 
causes a precipitous drop in the nighttime levels of 
plasma melatonin. The ability to measure melatoti 
in plasma now provides a new tool to study endocrine 
function and sympathetic nerve activity. 

Research in the past 20 years has led us to concluds 
that the pineal gland is a neurochemical transductor.’ 
Light signals from the eye are relayed along the retino- 
hypothalamic tract to the suprachiasmatic nucleus. 
The suprachiasmatic nucleus is believed to be the 
circadian oscillator. The suprachiasmatic nucleus 
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sends nerve impulses to the superior cervical ganglion, 
which in turn stimulates noradrenergic nerves to 
release noradrenaline. Thus, noradrenaline activates 
p-adrenergic receptors on the pineal cell surface. 
The interaction of noradrenaline with the &adren- 
ergiC receptor transmits the neurotransmitter message 
through the membrane to stimulate the production of 
the enzyme which makes melatonin. I am sure that 
the elucidation of the noradrenaline message to tell 
the pineal gland to secrete melatonin can give us 
insight about the action of other nerves. 

Psychoactive Drugs 
It has been .known now for the last 15 years or so, 

that the brain has specific tracts that contain nor- 
adrenaline and dopamine and that they are involved 
in normal function as well as diseases, such as Parkin- 
son’s, Huntington’s, and possibly many other neu- 
rological and endocrinological abnormalities. Our 
knowledge about neurotransmitters and their function 
in the brain is just beginning. We were very much 
interested in knowing whether the fundamental work 
we did on the peripheral noradrenergic nervous sys- 
tem would also apply to the central nervous system, 
particularly with respect to drugs that affect behavior. 

we found tracts in the brain containing adrenaline, 
mainly in the brain stem.2o How we learned this was 
to punch out very small areas of the brain by a 
technique devised by my colleague, M. Palkovits. 
Brain punches from the Ai and AZ areas of the brain 
stem contained PNMT, the enzyme that makes adren- 
aline. Specific adrenergic tracts in the A1 and A2 areas 
of the brain stem could be visualized by a technique 
using a fluorescent antibody to the adrenaline-form- 
ing enzyme. l3 It appears that these adrenergic tracts 
are involved in the regulation of blood pressure. There 
was an increase in the adrenaline-forming enzyme in 
the Al and A2 regions of the brain stem in experimen- 
tal hypertension produced by deoxycorticosterone 
acetate (DOCA) and salt and also in spontaneous 
hypertension.1s When a compound that blocks PNMT 
was given to hypertensive rats, a fall in blood pressure 
resulted. These experiments tell us a great deal about 
the role of the adrenaline-containing tract in control- 
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One group of drugs which we were very much 
interested in was the antidepressant drugs. We found 
that tricyclic antidepressant drugs that are clinically 
effective also blocked the reuptake of noradrenaline 
in brain tissuelo (Fig. 8). As I described in the early 
part of my talk, reuptake of noradrenaline inactivated 
this neurotransmitter. Compounds that were clinically 
ineffective but had related chemical structures did not 
block uptake. Monoamine oxidase inhibitors block 
the metabolic breakdown of the catecholamines and 
increase the level of these amines in the brain. Mono- 
amine oxidase inhibitors are also effective in the 
treatment of some depressions. Thus, drugs that 
decrease catecholamines cause depression, whereas 
drugs that elevate these amines relieve’ depression. 
These observations generated a lot of research among 
biological psychiatrists and led to the proposal of the 
catecholamine hypothesis of affective disorders21 Al- 
though the hypothesis is somewhat simplistic, it pro- 
vided a useful framework whenever new approaches 
to the understanding of depression were sought. 
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CAMP 
Another important development in psychiatry was 

the demonstration of the relationship between psy- 
choses and dopamine. It has been shown that dopa- 
mine has its own receptor in the brain and that 
antipsychotic drugs block this receptor.14 Experiments 
by Snyder and co-workers* showed that the order of 
potency of antipsychotic drugs competing for the 
dopamine receptor is in the same order as their aver- 
age clinical dosage, again implicating dopamine in 
schizophrenic disorders. This sort of experiment 
would have been unthinkable 20 or 30 years ago. 

In the course of our work in the last few years, 

Protein 
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‘ATP N-AcetyI- 
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TERMINAL 

PINEAL CELL 

FIG. 7. Neural control of &adrenergic receptor and the 
synthesis of the melatonin-forming enzyme N-acetyltrans- 
ferase. CAMP = cyclic adenosine monophosphate; ATP - 
adenosine triphosphate. (Reproduced with permission from 
Axelrod J: The pineal gland: a neurochemical transducer. 
Science 184:1341-1348, 1974.) 
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FIG. 8. Effect of antidepressant drugs on the uptake of noradrenaline in the noradrenergic nerve terminal. 

ling blood pressure, and perhaps something about 
new therapeutic agents to treat hypertension. 

The field of neurotransmitters has exploded enor- 
mously in the last few years with the recognition of 
many neuropeptides and amino acids having the 
properties of neurotransmitters.22 These recent discov- 
eries indicate the complexity with which the brain 
functions. It now appears that the brain can function 
as an enormous endocrine organ. Nerves can release 
numerous endocrine-like substances, encephalins, 
thyroid-releasing hormone, neurotension, adrenocor- 
ticotropic hormone, etc., which have neurotransmit- 
ter-like properties. There is a great deal to be done in 
neurotransmitter research, and there are many good 
neuroscientists to do the work. 
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